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Two-dimensional graphene offers the thinnest channel for charge carriers, and thus, graphene field-effect transistors (FETs) can be made with narrower channels and higher speeds than those of Si-based competitors in nanoelectronics. 1 Graphene presents a high-resistance state (R H ) when its Fermi level is near the Dirac point of the conical band structure, and a low-resistance state (R L ) when the Fermi level is far from the Dirac point. The remarkable resistance variation of graphene in response to external electric field has been intensively studied for the applications of electronic devices. Recently, graphene-based bistable transistors are implemented by controlling the hysteretic polarization of ferroelectrics [poly(vinylidene fluoride trifluoroethylene) (PVDF-TrFT) [2] [3] [4] or lead-zirconate-titanate (PZT) 5, 6 ] as ferroelectric random access memories (FRAMs). Such a ferroelectric-gating graphene transistor considers R H and R L as statuses "1" and "0," respectively. Unlike unipolar Si-based FRAMs switched by the upward and downward remnant polarizations (P " and P # ), ambipolar graphene FETs 7 were switched by minimal and maximal remnant polarizations of ferroelectrics. Therefore, the reversible switching between R H and R L is performed by two different asymmetric sweeps of gate bias to build the necessary remnant polarizations for each state. 2 Otherwise, in addition to ferroelectric gating, a normal dielectric backgating (so called dual-gating) would be necessary to introduce a reference background doping in graphene for symmetrical bit writing. 3 Therefore, it is desirable to design graphene-based transistors with a straightforward switching scheme.
Optical methods could offer some practical solutions to the gating issue of graphene transistors. For instance, a nonvolatile graphene/polymer memory was demonstrated, in which a layer of poly(methyl styrene-co-chloromethyl acrylate) (ZEP520A) acts as a floating gate. Under illumination of UV light, ZEP520A turns into an electron acceptor due to photochemical reaction, and after annealing above glass temperature (170 C), ZEP520A is restored to its original status prior to UV exposure. 8 Recently, pyrene-tethered disperse red one (DR1P) has been used to optically modulate the conduction of carbon nanotubes and graphene.
9,10 DR1P chromophores are tethered to graphene via p-p interactions. The optical-reactive polar disperse red one (DR1) is a derivative of the azobenzene chromophore with an appreciable permanent dipole moment and nonlinear polarizability. Under illumination by the light of proper wavelengths, DR1 undergoes the reversible trans $ cis photo-isomerization cycles. A trans isomer has a higher dipole moment than a cis one does. The doping in carbon nanotubes or graphene is changed due to the dipole moment contrast between trans and cis isomers of DR1P. However, the response time of DR1P is as long as 10 3 s and the resistance change ratio [(R H ÀR L )/R L ] is only 10%.
Polar and nonlinear-optics DR1-containing polymers and copolymer have been demonstrated to have many possible optical applications, e.g., optical storage, [11] [12] [13] second harmonic generation, 14, 15 and switch/modulator. [16] [17] [18] The copolymers of DR1 and polymethylmethacrylate (DR1-PMMA) have the backbone of PMMA with the covalently bonded side chains of DR1. DR1-PMMA is an optical-reactive polymer electrets. The polar orientation of DR1 chromophores can be built by photo-assisted poling (PAP) and erased by photo-depoling (PD). [19] [20] [21] [22] In this paper, we adopted optical-reactive DR1-PMMA copolymers as the active materials in graphene-based nonvolatile transistors, which were operated by a simple polarization-gating scheme. This study examined the dependence of graphene resistance on the operations of PAP and PD. The status of the graphene/DR1-PMMA device can be written by PAP with a simple step-like bias, and erased by PD, both at room temperature. The substitution of azobenzene copolymers for DR1P chromophores significantly improved the performance of the graphene devices in the response time and resistance change ratio. A ternary logic can be performed with the graphene/DR1-PMMA FET. This study also demonstrated a)
Authors to whom correspondence should be addressed. the robustness of the device in the presence of a strong electric field.
In this work, graphene sheets were prepared on SiO 2 /Si substrates by mechanical exfoliation. 23 The thickness of SiO 2 was 300 nm to have the graphene visible under the inspection of optical microscope. The exfoliated graphene had been verified to be few layers by micro Raman spectroscopy. 24 The schematic of the graphene/DR1-PMMA device is shown in Fig. 1(a) . The source and drain electrodes on the graphene sheet were fabricated by evaporating Ti/Au (5 nm/10 nm). The thin layer of DR1-PMMA copolymer was sandwiched between the graphene and transparent conductive layer of indium tin oxide (ITO). The commercial DR1-PMMA copolymer (ALDRICH 570435) was dissolved in chloroform with 3.3 wt. %, filtered with a 250 nm filter, and spin-coated on graphene at 500 rpm. The DR1-PMMA film was subsequently heated to 80 C for 30 min to remove the chemical solvent. The thickness of the copolymer film was approximately 1 lm, measured by atomic force microscopy at a scratched edge. The peak absorption wavelength of the DR1-PMMA film was approximately 470 nm, 15 and the light source for pumping was a 479 nm linear-polarized diode-pumped solid-state laser. The top ITO electrode was deposited on DR1-PMMA by sputtering, to apply the poling bias (V P ) for PAP. The Si substrate was used as the bottom electrode to apply the gate bias (V G ). V G was only for measuring the curves of resistance (R) vs. V G of the graphene channel. The bottom electrode was not used to the writing and erasing operations of the graphene/DR1-PMMA FET. The resistance of the device was characterized at ambience.
The switching scheme of the graphene/DR1-PMMA FET by PAP and PD is shown in Fig. 1 . The normal-incident pumping laser is applied from the top of the device, where the polarization of laser is parallel to the sample surface. DR1 has the ground-state trans isomer and the excited-state cis isomer. The trans-state DR1 possesses an extremely low angular mobility below the glass temperature (T g ), 20 ,25 so trans-state DR1 does not rotate under electric field (i.e., DR1 has no coercive field). A pumping light and V p are simultaneously applied to DR1-PMMA to activate the PAP process. The pumping laser induces the cycles of trans $ cis photoisomerization to DR1. The probability of pumping is proportional to cos 2 h, where h is the angle between the dipole moment of DR1 and the polarization of pumping laser. However, the angular mobility of the cis DR1 is high enough to permit DR1 to align in the direction of poling field during the lifetime of cis state (even the temperature is below T g ). 20, 25 A partial memory of the orientation (parallel to the poling field) retains after the cis ! trans back reaction under the poling field. Therefore, the polar orientation of DR1 chromophores (so as the quasi-remnant polarization) can be optically built by PAP. [19] [20] [21] [22] When a positive V P and laser illumination are applied simultaneously, a P # in DR1-PMMA is built after the PAP process [ Fig. 1(a) ]. The Fermi level of graphene is upshifted because of the accumulation of negative charges in graphene induced by P # .
To erase the PAP-induced P, the poled DR1-PMMA is illuminated by the same laser without poling bias [ Fig.  1(b) ]. 19 The polar orientation of DR1 is randomized (referred to as PD), because DR1 loses its memory of orientation after several trans $ cis cycles under laser illumination. Circularor non-polarized laser is more efficient in randomizing polar orientation, but the same linearly polarized laser was applied in PD to simplify the experimental configuration. The Fermi level of graphene resumes its initial position after the PD process. The optical control of P in DR1-PMMA by PAP and PD is repeatable.
The operational mechanism of graphene/DR1-PMMA devices is intrinsically different from that of graphene/ DR1P. For the graphene/DR1P device, a UV light is applied to produce the trans ! cis reaction, and a white light to the cis ! trans. 10 The resistance change of graphene/DR1P devices is induced by the dipole moment difference between trans and cis DR1P isomers. In our scheme, the resistance change is induced by the polarization difference between the poled and depoled DR1-PMMAs. PAP and PD are employed to build and erase polarization. Only one light source is required for both PAP and PD.
In this study, a 14 mW/cm 2 laser was applied to illuminate the graphene/DR1-PMMA transistor for 10 s to activate the PAP process. Such a laser exposure was not enough to induce mass transport in DR1-PMMA. During PAP, V P could also induce the resistance change of graphene. To avoid confusing the role of V P , we intentionally plot the curves of R vs. V G in Fig. 2(a) to show the response of the curves to PAP and PD. The resistance of the graphene reached a maximum value (R MAX ) as its Fermi level reached the Dirac point. V MAX is denoted as the V G at R MAX . Before any PAP process, V MAX was 5 V because of the dopant concentration (n env ) induced by the ambient dielectric environment, where n env ¼ C 7, 26 where R S is the sheet resistance of graphene. When R was close to its minimum, the total carrier concentration n T was as high as 7.4 Â 10 11 cm À2 in graphene. The PAP-induced P caused the change in carrier concentration of graphene, resulting in the shift of resistance curves. P is a function of V P , 27 so the shift became larger as jV P j increased as shown in Fig. 2(a) . As a positive (negative) V P was applied for PAP, the resistance curve shifted to the left (right) due to the induced P # (P " ). Note that we observed no hysteretic response with the device up to jV P j ¼ 615 V without laser illumination. As jV P j ¼ 620 V, hysteretic response occurred, where V MAX shifted by 4 V due to the trapped charges at interface. Therefore, the polarization of DR1-PMMA was the main contribution to the shift of the resistance curve, but not the interface trapping or de-trapping charge carriers in the ferroelectric gating graphene/PZT FET. 5, 6 Finally, P was removed by PD and the resistance curve returned to its initial status.
For the continuity of the displacement field at the graphene/DR1-PMMA interface, we have the expression for n T n T e ¼ ÀC SiO 2 Á ðV G À V 0 Þ þP Áẑ;
where V 0 (¼5 V) is the V MAX associated with n env andẑ is the unit vector of the upright direction. R MAX occurred wheñ
Hence, the relation between P and V P was obtained, as shown in Fig. 2(b) . P was found to depend linearly on V P . The P induced by V P ¼ 640 V was approximately one-tenth of the remnant polarization of typical ferroelectric ceramics (SrBi 2 Ta 2 O 9 ). 28 The temporal resistance response of the graphene/DR1-PMMA transistor to PAP and PD is shown in Fig. 3(a) . The processes included a positive-biased PAP, a negative-biased PAP, and a PD. Initially, the device was denoted as status "0" and its resistance R 0 ¼ 5 kX. The first PAP was executed with V P ¼ þ20 V. The resistance followed the path from positions A 1 to A 4 ; A 1 to A 2 along the curve for the field effect of applied V P , A 2 to A 3 for the left shift of the curve caused by the PAP-induced P # under laser illumination, and A 3 to A 4 along the left-shifted curve for the release of V P . Figure 3 (b) schematically shows the variation of resistance in response to PAPs, in the R vs. V P representation. Note that V P followed the step-like path at the lower panel of Fig. 3(a) , instead of a zigzag path. At A 4 (where V P ¼ 0), the resistance change from A 1 to A 4 was only attributed to P. The device was latched to A 4 , denoted as status "þ1," and its resistance R þ1 ¼ 2 kX. Subsequently, the second PAP was executed with 4 , and A 7 represent the statuses "0," "þ1," and "À1." (b) Schematic of the variation of resistance from positions A 1 to A 4 with the 1st PAP denoted by the red arrows, from A 4 to A 7 with the 2nd PAP denoted by the blue arrows, and from A 7 to A 1 with the PD denoted by the green arrow. V P followed the step-like path in lower panel of Fig. 3(a) . The black arrows above the curves indicate that the curve shifted to the left with the 1st PAP, to the right with the 2nd PAP, and to the left again back to its initial status with PD.
V P ¼ À20 V. The resistance followed the path from A 4 to A 7 , similar to the sequence from A 1 to A 4 with the first PAP except that the curve shifted to the right because of the P " . While the curve was shifting to the right during the second PAP, the resistance passed through R MAX and a spike of resistance appeared between A 5 and A 6 . The device was latched to a new position A 7 , denoted as status "À1" after the second PAP, and its resistance R À1 ¼ 8.5 kX. Finally, the resistance returned to the initial position A 1 after the execution of a PD process, i.e., the status "À1" was switched to "0." The graphene/DR1-PMMA device can easily perform ternary logic by PAP "61" and PD for "0." A ternary memory has the advantage of higher data storage capacities and faster processing over the traditional binary memory. 29, 30 Unlike graphene/ ferroelectric transistors requiring asymmetric bias sweeps or dual-gate designs, 2,3 graphene/DR1-PMMA FETs are operated by simple illumination and bias. Because the polarization of DR1 can be repeatedly built and erased by the PAP and PD process, this nonvolatile ternary transistor is rewritable. With other ferroelectric materials, it is very difficult to perform ternary logic because erasing P of ferroelectrics requires many hysteretic loops.
From Fig. 3(a) , the response time of graphene/DR1-PMMA devices to PAP is less than 10 s. Compared with graphene/DR1P devices whose response time is $10 3 s, 10 graphene/DR1-PMMA devices show a significant improvement in response time, because the angular reorientation was accelerated by poling field. There are several approaches to further improve the response time of azobenzene copolymers, e.g., to enhance the permanent dipole moment of chromophores by tailoring the functional groups, to reduce the pumping time by increasing the quantum yield, 20 and to increase the poling field by thinning the copolymer films. The resistance change ratio (jR 61 À R 0 j/R 0 ) is approximately 60%. The overall ratio (jR À1 À R þ1 j/R þ1 ) is 325%. Compared with the ratio of graphene/DR1P devices (10%), the resistance change is remarkably improved, because the change was contributed to the polarization difference between the poled DR1-PMMA and the depoled DR1-PMMA. On the other hand, the areal density of the proposed devices under its present scheme is restricted by the diffraction limit. To overcome this limitation and increase the density, some more advanced scanning-probe approaches can be adopted, e.g., to induce nano-movement of azo copolymers by enhanced near-field irradiation 31 and to perform local PAP with scanning probes in azo copolymer. 27 The polar orientation of trans DR1 in copolymer is frozen at a temperature below T g , because rigid polymer main chains hinder the angular motion of DR1. Previous studies 32, 33 showed the long-term stability of the polar orientation of the poled DR1-PMMA copolymer by PAP below T g . This unique feature allows graphene/DR1-PMMA transistors to withstand the influences of strong electric fields when no illumination is applied. To verify the robustness of the device against electric field, the graphene/DR1-PMMA device (both statuses "0" and "þ1") experienced a strong electric field without illumination. A loop of V P (0 V $ À20 V) was applied to the device at status "0" without illumination. The status was firmly preserved as its resistance went through a cycle (B 1 $ B 2 ) (Fig. 4) . Then, the device was switched to status "þ1" by PAP. The same loop of V P was reapplied without illumination. The status "þ1" was also preserved after a cycle of resistance (B 3 $ B 4 ). These results demonstrated the robustness of the device to an external electric field as high as 0.2 MV/cm, which is higher than the coercive field of conventional ferroelectrics (0.1 MV/cm). 28 Because of their intrinsic limitations, the graphene/DR1-PMMA devices cannot outperform the solid-state ferroelectric-gating devices in many aspects.
2, 3 The PAP and PD involved the molecular motion, which is slow (approximately the order of milliseconds) compared with the solid-state devices. The writing/erasing operation time of graphene/DR1-PMMA devices is restricted. In addition, the areal density of the devices is restricted by diffraction limit due to the optical controlled processes with the present scheme. Furthermore, fatigue and degradation of organic materials result in a shorter endurance and lifetime of the devices than those of solid-state devices. However, graphene/DR1-PMMA devices are compatible with the non-expensive yet high-throughput spin coating processes, so the devices are able to be integrated into flexible organic devices. There are many occasions to which graphene/DR1-PMMA devices are applicable. For example, low-cost disposable radio-frequency identification (RFID) tags need write-once read-many memories, which request low levels of speed, capacity, and endurance. Therefore, graphene/ DR1-PMMA devices are the potential candidate for disposable RFID tags.
In summary, we demonstrated a rewritable graphenebased nonvolatile ternary-logic transistor, which was incorporated with optical-reactive DR1-PMMA copolymer. The graphene/DR1-PMMA transistor was controlled optically by a simple scheme of illumination and bias at room temperature. The resistance curve of graphene was shifted because of doping induced by the quasi-remnant polarization of DR1-PMMA. Repeatedly, the status of the device was written to "þ1"/"À1" simply with the downward/upward remnant polarization built by a positive/negative-biased PAP, and the status The inset is to illustrate the variation of resistance of the device in response to the loop of V P at statuses "0" and "þ1." was erased to be "0" as the polarization was removed by PD. The resistance change ratio of the written status "61" to the erased status "0" was 760%. The graphene/DR1-PMMA transistor can withstand an electric field as high as 0.2 MV/cm because DR1-PMMA is a robust polymer electret without a coercive field below glass temperature.
